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ABSTRACT

We report the unambiguous detection of individually resolved stars in the
elliptical galaxy NGC 3379, a luminous member of the L.eo | Group. The bright
end of the stellar luminosity function has a logarithmic slope that is consistent
with these stars being Population Il red giants. An abrupt discontinuity in the
apparent luminosity function at / =- 26.29 -- 0.09 mag is identified with the
tip of the first- ascent red giant branch (TRGB). Adopting M;(TRGB)=:—4.0
4. 0.1 mag gives a distance modulus of 30.29 £ 0.28 mag corresponding to a
lincar distance to NGC 3379 of 11.4 4 1.3 Mpc. The TTRGB distance compares
very well with the Cepheid distant.c of 11.6 4 0.8 Mpc (30.32 = 0.16 mag) to
another group member M96 (== NGC 3368). The distance to NGC 3379 can
be used in turn to calibrate the zero points of four other distance indicators:
surface brightness fluctuations, planctary nebula luminosity functions, globular
cluster luminosity functions and the ,, - o mmethod. We apply two approaches
to measuring the Hubble constant: (1) a simple Virgocentric infall inodel, and
(2) stepping out from Leo | to thie Coma cluster using the previously mneasured
relative distance between the two clusters. Bothtechniques give a value of

Hubble constant consistent with flo=68 413 kin s?MpcL.

Subject headings. galaxies: individual - galaxies: elliptical galaxies — galaxies: distances




1. Introduction

‘1’here are several pathsto a far--field estimation of the Hubble constant. However
thesc paths are often complicated by a series of arguable, but necessary, assumptions,
where external checks and comparisons can be difficull, or impossible due to largely
non-overlapping data sets. On the other hand, various measures of the near-field distance
scale (largely made within the lLocal Group) areinexcellent agreement, having benefited
from nuinerous recent intercomparisons of distances to the nearest galaxies. Using both
Population | and Population 11 distance-deter nination methods the local distance scale
appears to have converged at the -1 O — 20% level (sce I'reedman & Madorc 1993, 1995;
Hutterer, Sasselov & Schechier 1995). Cephcids have long been the cornerstone of the
Population 1 route; and RR Lyraes have more recently provided the best Population 11
counterpoint. But RR Lyme stars arc intrinsically fainter than classical Cepheids,making

their application to galaxies significantly beyond the Local Group unlikely inthe foreseeable

future.

There are, however, Population 11 stars brighter than the horizontal branch variables.
Indeed, the brightest red giant branch (RGB) stars, identified by their first appearance as
a discontinuity in the bright end of the luminosity function of the first-ascent (Population
11) RGB population has also beenshown to be extremely stable in luminosity, while
being some 40 times brighter than the RR liyrac stars. In the I-band, this TRGB
(“tip-of-tile-rcd-giant-branch’’) method as a distance indicator is only slightly sensitive to
metallicity over a wide range of ages and metallicities applicable to old galaxy populations

(sec Lee, Freedman & Madore 1993).

The tip of the first- ascent red giant branch marks the core helium flash of low-1nass
stars which evolved alongthe red giant branchup to the tip, at which point the lumi nosity

function abruptly termi nates. 111 1- band. the TRGB resolves at My~ - 4 mae. This



discontinuity has been shown to beanexcellent distance indicator, since the bolometric
luminosity of the TRGB varies only by NO. ] mag for ages ranging from 2 up to15Gyr
(cf. Iben & Renzini 1983), and metallicities in the range represented by Galactic globular
clusters (-2,1 <[Fe/H]< --0,7). Theoretically predictedand now empirically tested and
confirmed, the TRGB is an outstanding distance indicator. Furthermore, it is applicable to
all morphological types of galaxies. Since they represent the evolved component of older
generations of stars in galaxies, TRGB stars are naturally foundin elliptical galaxies, spiral

disks and halos, as well as in irregular galaxies.

An agreement between the distances derived from the Cepheid Pl relation and TRGB
method is remarkable. Distances to about a dozen galaxies have now been measured by
two methods and they agree with each other within 0.1 mag (l.ee, Freedman & Ma(lore
1993, Sakai, Madore & I'rcedman 1996). It is important to note the significance of
the TRGB method as a pure application of a Populationlldistance indicator. Several
sccondary - distance indicators which enable us to investigate the density and velocity fields
at cosmologically - significant distances, including surface brightness fluctuations, planetary
ncbula luminosity functions, globular cluster luminosity functions, and the 1), -- ¢ relation,
all strongly depend on the old 19/50 galaxy populations. Since Cepheid variables are not
found in these systems, and because of thelack of elliptical systems within or even near to
the Local Group, the absolute calibration of such Pop 11 methods has cither had to rely
on the distance to a single galaxy (e.g.thebulge of M31 ), or Cepheid (Pop 1) distances
to spiral galaxies in thesame group or cluster. I'he TRGB method could be used as an
alternative calibrator. Since this method is calibrated by RR lL.yrae distances to Galactic,
globular clusters, it dots notl provide a direct distance to tile target galaxy. In this sense,
the TRGB method is very similar to the surface brightness flue.tuatiou method. However,
it is significant that we arc indeed directly mecasuring the magnitudes of individual stars.

In that sense, the TRGB method resembles the Cepheid method, and has a potential as a
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Population 1 | calibrator.

Using computer simulations, Madore & I'reedman (1995) have investigated the distance
out to whichthe TRGDB method is applicable They conclude that from the ground under
optimal conditions of seeing, the method could be used for galaxies out to at least 3 Mpc
and that distances up to ~ 13 Mpc can be achieved with the I ST.Distances slightly
in excess of 1 Mpc have already been measured from the ground using the TRGB under
moderate (1.3 arcsec) seeing conditions (e.g., Sakai, Madore & I'rcedinan 1996). We report
here the first space based application of this method to an elliptical galaxy, NGC 3379 in
thel.co | Group. This constitutes the most distant application of the TRGB method to

date, and its first application to a giant elliptical galaxy.

Using data obtained with the 1TubbleSpaceT'elescope(I1ST'), we present in the next
scclion observation.s and data reduction procedures, followed by theapplication of the
TRGB method to the 7- band luminosity function for stars in the halo of NGC 3379. We

conclude by presenting som ¢ implications for the value of Hubble constant.

2. Observations and Data Reduction

A primary goal of thc 18T observations was to study the /- band RGB luiinosity
function down to depths close to the Tonry & Schneider (1988) I--band fluctuation
magnitude, M; - - 1.5, which for a distance to NGC 3379 of 10.6 Mpc, corresponds Lo
iy~ 28.6. Resolving such stars required the target field to be in the extreme outer envelope
of NGC 3379. De Vaucouleurs & Capaccioli (1979) presented a I$- band photometric trace
of NGC 3379 running aong the cast-west veclor cutting through the center of the galaxy.
The trace goes out to extremely large angular distant.cs from the center of NGC 3379,
and thus to extremely faint surface brightnesslevels (see aso Capaccioliefal. 1990). Wc

selected the pointing to be 6 arcminutes west, of the nucleus at 2000 - 10" 47" 498 4 and




A'/,

da000 =-12° 34’ 57”1, which is an empty field onthe POSS-I print of the area (Figure 1).
A deep /--band CCD image of the field (Figure 2), however, confirms the photometry of
de Vaucouleurs & Capaccioli (1979) in a qualitative sense by showing the envelope of the
galaxy to extend at least out to this area. At this location, de Vaucouleurs & Capaccioli
(1 979) find the galaxy surface brightness to be jig~ 27,1, which corresponds to typical
galaxy brightness of mja 30.9, pcr WI'C pixel, assuming V — I=:1.2. At this surface
brightness there are ~1 2 “fluctuation stars” pcr square arcscc, thus giving excellent
resolution for exploring the brighter tip of the luminosity function. In passing, we note that
we selected a west rather than east field as de Vaucouleurs & Capaccioli (1979) showed that
NGC 3384 overlaps significantly withNGGC 3379 at large distances east of the NGC 3379

centoer.

The observations of NGC 3379 were made in May 1994, using the Wide Iield/Planetary
Camera-2 (WFPC2). Thirty-two 900s exposures were taken in the 1814W filter, yielding
a total exposure time of 8 hours. Anattempt was made to dither the pointing in a2 x 2
grid of 0,5 WFC pixel spacings to obtain Letter spatial resolution, thus the full exposure
sequence consists of 4 sets of 8 exposures takenin sequence. Unfortunately, this was onc
of the earliest altempts at dithering and after cach set of § exposures, the IIST guiding
was reset, resulting in pointing differences of a few pixels rather than the precise half-steps
desired. As it happencd, however, the fractional portion of the pixel shifts did fall close
to three of the four desired substeps, thus the full set still contains significantly more
information than 32 identical pointings would, even if the sampling is not as desired. A
portion of the WI4 field, for whichanattempt a building the substepped image has been
made, is shown in Figure 3. 'I'he envelope of NGC 3379 has clearly been resolved into its

red giant stars.

The data quality files, provided by the 151" data- processing pipeline, and vignetling




masks were used to mark bad pixels ontheimages. ‘1'0 deal with the problem of the
geometric distortion of the WIPC2 optics, wc used the pixel area map provided by
Holtzmmanto restore the integrity of tile flux incasurements. once the galaxy images
were processed through these steps, all 32 f{rames were combined using an IRAF routine

“imcombine” with the 3-o clipping option to remove obvious cosmic rays.

The stellar photometry was then carried out using the packages D AOPHOT and
Al, LSTAR (Stetson 1987). These programs usc automatic star finding algorithms and then
measure stellar magnitudes by fitting a point-spread function (PSF), constructed from
other uncrowded images (Stetson 1994). We tested for a possible variation in the [uminosity
function as a function of the position on each chip by examining the luminosity functions for
inner and outer half of the framnes. For each chip, we obtain essentially the same luminosity
-function, confirming that there is no systematic offsets inmecasured PSF magnitudes.
The IF'814W-filter PSF magnitudes were transforied to Cousins I and corrected to |-see
exposure tine, following the calibration prescriptions given by IToltziman et al. (1995). The

transformation equation is:
I = mpgornor 4 2.5logt - C, (1)

where C equals 1.916 mag for WI2, 1.913 for W¥3, and 1.942 mag for WI'4. Since wc
only have I- band observations of N3379, no color informationon the stars is available.

1 lowever, the color term inthe calibration is sinall, expressed as:
0.063(V - 1) - 0.025(V -- I)? (2

Then the color correction would amount to approximalely 0.04 mag at most (2% in
distance) evenfor (V -- I) of 2, the color of a very red giant branch. We note that the
integrated color of the central portion of this galaxy is ( V -. I): 1.2 mag (Tonry el al.
1 990). However, our data presented in this papeir is 6 arcimin away from tile nucleus. Thus,

the color inthis part of the halo is unknown.




3. The Luminosity Function

Using D AOPHIOT, wc have found ~13,000 objects on each chip. In order to
discriminate non-stellar objects, such as background galaxies, we use the x* value which is
one of thestandard fitting parameters reported by AL L. STAR, giving the gooduess of fit of
PSI to the object profile itself. Limiting the databaseio objects with x?* <1.6 (effectively
sclecting the most likely stellar candidates), wereduced the number of objects down to
~1 500 per chip. T'hisis rather a conservative selection of objects. We have also checked
the brightest stars (/< 27.0 mag) visually oncach chip to make sure that they were not

contaminated by background galaxies.

Although no color information is available, the form and slope of the observed I- band
luminosity function for star-like objects inthe NGC 3379 frames, as shown inFigure 3,
present compelling evidence that what we are seeing is indeed the first--ascent red giant
branch. The abrupt, turn-on of the luminosity function is prima facia evidence that we have
resolved Population Il stars. Top panels in I'igur e 3 shows the I--band luininosity function
for the stellar data foundon al chips. We have only included those stars with photometric
errors less than 0.20 mag in this analysis. The rapid rise in the numbers of stars at 7 ~ 26
mag shows unmistakably the TRGB. Following this, there isa shallower but still monotonic
rise inthe counts up to I ~ 27.2 mag at which point incompleteness due to photon statistics

takes over and truncates the data (sec bottom panelin Figure 3).

The numbers of stars at a particular location inan observed color-magnitude diagram
is simply proportional to theamount of time starsspendsin that stage of evolution. Thus,
the observed ratio of numbers of exiended,intermediate age asymplotic giant branch
(AGB) stars to first red giant branch (13GB) stars can be compared with the predicted ratio
of lifetimes in the two phases so as to place quantitative limits on the fraction of 4-5 Gyr

AGR stars in nearby resolved galaxies (e.g., Mould, Kristian and Da Costa 1983; I'reedinan
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1989).

Stars of ages 4-5 Gyr will extend approximately 1 bolometric magnitude above the
TRGB (e.g., Mouldand Da Costa 1988). The estimated lifetime for stars in this phase
is about 10° years (Iben 1988). In the one-magnitude interval just below the TRGB, the
lifetimes arc estimated to liein the range of 3-5 x 10° years (Sweigart and Gross 19'78),
Hence, for an inter-mediate age population the predicted ratio of extended AGB to RGB

stars ranges from 0.2-0.3.

There are 76 and 1867 stars located one magnitude above and below the TRGD,
respeclively. Allowing for the presence of a '20% component of fainter AGB stars in the
magnitude bin below the TRGB (L.ee 1977; Mould, Kristian & Da Costa 1983) resulis in
aderived ratio of 0.05. This is a factor of 4-6 times sinaller than that predicted above for
a population of 4-5 Gyr AGB stars. Hence, the fraction of stars which can belong to a

younger AGB population is limited to about 20%.

4. The TRGB Distance

From previous work (scelee, Freediman & Madore 1993; Madore & Freediman 1995
and references therein), we expect to detect starsachieving the peak luninosity along
the first- ascent red giant branch at an absolute /- band magnitude of -4.0 mag. It has
been demonistrated empirically, and there is atheoretical basis for expecting that in the
specific wavelength range defined by the I--band filter (~8000 A), the absolute magnitude
of the TRGB is quite insensitive to age and metallicity. Residual metallicity effects on the
absolute magnitude nave been calibrated over themetallicity range of Galactic globular
clusters (I.ce, IFreedman & Madore 1993), making the I- band magnitude of the TRGB a
stable and lumninous Population 11 extra.galactic. dist anceindicator. Outside the calibration

range, however, the higher metallicity may affect the Illls.gylitudc of the TRGB considerablly.
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Dur to line--blanketing effects, the TRGRB mmaguitude is known to becoine fainter at higher
metallicities. The photometric studies of the high-metallicity Galactic globular clusters

scemto indicate such behaviorinthe (V -- 1) color magnitude diagrams. ‘1'here has been no
solid calibration of the TRGB magnitude for mctallicities (#'e/H]> --0.7. We will discuss

the impact of this issue in particular with respect to NGC 3379 in later sections.

We use both a kernel- smoothed linear luminosity distribution and the logarithmic
luminosity function to delermine the luminosity of tile TRGB. When the adopted
edge detection filter is applied to a distribution having a sudden discontinuity on the
bright side leading to aconstant-slope distribution on the faint side (such as the one
sought here), thefilter output will show a significant positive response at the discontinuity
followed by aplatcau at the new slope (see Figure 1 in Madore & ¥reedinan 1995). In
Sakai, Madore & Freedman (1996), wc introduced a kernel- smmoothed luminosity function
(but not logarithmic) filtered by a modified Sobel kernel; here, wc apply the identical
edge detection filter to the logarithmic luminosity distribution as well to determine the
magnitude of the TRGB. The logarithinic luminosily function is preferred because of its
characteristic slope of 0.6 mag/dex for the RG B population which should be more easily
detected by the edge-detectioll filter. In addition, weapply a weighting scheme to the
filtered response function. The edge detection filter essentially measures the slope, and
thus it is extremely sensitive to noise; any sudden change in signal is amplified by the
filtering scheme. If the Juminosity function is expressed by ®(7), the response function at
I is derived via I(I)= log ®(I-40) - log ®(] - o) where o is a typical error for stars of
magnitude 1 (see Appendix of Sakai, Madorc & Ireediman 1996 for details), Yach }5(7) is
weighted by a square root of ®(7). The weighting scheme was usedin order 1o suppress
those responses that are statistically nonsignificant due to noisy data. In Figure 4, the
sioothied J- -band Juminosity functions and the corresponding response functions {rom

the edge detection filtering are plotted. Inspecting both response functions, we report an
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unambiguous detection of the TRGB at /: 26.314-0.05 msg. The W14 field is least
contaminated by background galaxies and its stellar population isthe dominant source of

signal in the combined response function.

However, note also that there is a substantial signal at 7=- 25.9 mag in the logarithinic
representation of the data, Could this be the TRGB? This appears unlikely because, as
shown below, this peak is not a robust feature. We studied the reliability of each signal by
calculating the error in each bin inthe response function histogram. If the:thmagnitude
bin has Vi counts, its Poisson error issimp]y\/N;'r- For each luminosity function bin, we
perturbed its number randomly following a Gaussian distribution whose dispersion was set
to v/N;. For each iteration of randomly displaced luminosity function, wc re- applied the
edge- detection filter and imeasured the response function. An average response histogram
of all 500 iterations is plotiedinFigure 5. The 1 o errors for each bin arc also shown. It is
clear that allthe ‘signals below I =. 26.0 mag are very likely due to noise, while the TRGB

signa reinains stable.

Taking into account the Galactic extinction correction along the line of sight to
NGC 3379, which amounts to only 0.02 mag (Burstein & Heiles 1978) in the /—band,
we adopt I, = - 26.29 mag for the TRGB. 1t is assumned that the internal reddening in
NGC 3379 is negligible as the target ficld is placed 6 arcinin away from the nucleus,
and we apply 1o correction here. The TRGRB distance modulus is derived via arelation
(m - M)rnen = Irngp 4 BCy -- Myaanrey where BCy is the bolometric correction
to the J magnitude and My, 7 is the bolometric mmagnitude of the TRGB stars
(Lec el al. 1993). BC;and Mya,rrep are expressed in terms of metallicity and color:
BCy-= 0.881 -- 0.243(V - Dyngr and Muwriep = - 019{1°¢/H] --3.81. We must then
address what the metallicity of the TRGB halo stars is for NGC 3379. The integrated

color of this galaxy is reported to be (V - I): 1.2 (Tonry cf al.1990); but unfortunately,
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no published ground-based surface photometry reaches deep enough to determine the
color at the position of the WIPC2 ficld, 6 arcinin fromn the n ucleus. However, there are
several studies which indicate that the halo of NGC 3379 is blue enough to apply the
TRGI3 calibration of Galactic globular clusters, Sodeman & Thomsen (1994) presented
a deep ]--band profile of this galaxy to large radius. They reported a color giadient in
(13- Iout to 100" where it fellto (B -- I)= 1 .97+ 0,10 mag from the central value of
(B-1)= 2,14 msg. They obtained the gradient of A(I3 - 1)/Alogr=. -0.153:0.02
mag, suggesting that the color of the NGC 3379 halo is already getting reasonably
blue at r=— 100". Davies, Sadler & Peletier (1 993) measured I'e and Mg line--strength
gradients for 13 elliptical galaxies oul to effective radius, and showed that the envelope
becomes metal poorer as a function of the radius. The work by Davidge & Clark (1994)
also suggested a tendency for metallic absorption features to weaken with increasing
radius. Both of these studies support an elliptical galaxy halo that is mectal poorer, and
that the color gradient inay indeed be indicative of the metallicily gradient. Using the
photometry results of Sodeman & Thomsen,atr= 360" where the WI'PC2 observations
were made, the color reaches (#3 - 1)= 1.89 - 0.15 mag. Substituting this value into
a relation [Fe/H]=2.67(13 - I) --- 5.73 derived from Couture et al. (1990), we obtain
(JPe/H]- -0.6840.16 dex. This is only marginally outside the solid calibration of the
TRGHB. The original calibration of the TRGB method by Lecel al. (1 993) applies strictly

only to the metallicity range of --2.2< [Fe/ll] <- 0.7.

Giventhe understanding that the metallicity of NGC 3379 halo is slightly outside
the! Galactic globular cluster metallicity calibration range, we proceed to determine the
absolute magnitude of the TRGB for NGC 3379 following Lce ef el. (1993), and carry the
uncertainty inthe metallicity calibrationin our total error budget, discussed inScction
8 below. Weobtain M;: -4.03 0.14 mag. Thus, the TRGB distance modulus for

NGC 3379 is 30.294 0.28 mag. This corresponds to a lincar distance of 11.4 - 1.3 Mpc.
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There are, however, potential systematic errors that neediobe accounted for as well, The

uncertainties in the measured T'RGB distance will be discussed in details in Section 8.

5. Comparison with Previously—Published Distances

Within the last 6 years, three new and relatively independent determinations of the
distance to NGC 3379 have been published. Ciardulloet al. (1989) have used the planetary
nebula luminosity function method to estimate a distance of 10.0 Mpc (g, = 30.01 mag).
Tonry (1993) have estimated the distance to NGC 3379 using the surface brightness
fluctuation (SBJ¥) method, and they derive 9.4 Mpc (s = 29.87 mag). Finally, Pahre
and Mould (1 995) have also used the SBF method, but applying it in the near infrared
K-band rather than in the optical; they obtain a distance of 11.1 Mpc (uO: 30.22 mag).
All of these previous determinations rely on a zero point calibration based on the Cepheid
determination to M31, (and, in some cases, the companions to M31). Our TRGB distance
agree with the Sill’ and P NLI results within 3o, which is encouraging. In section 8 in
which we discuss the error budget, we will show that systematic errors would put the

distance presenied here as the upper limit.

6. The Leo | Group

Theleo 1 Group (==M96 Group =-- G 1'2 according to dc Vaucouleurs 1975), consists of
five dominant galaxies: NGC 3368 [M96;SAB(rs)ab), NGC 3351 [M95; SB(r)b], NGC 3384
[S11(S)0], NGC 3377 [15/6]and NGC 3379 itself [M105; it]]. T'wo of its spiral members
NGC 3368 and NGC 3351 have been thefocus of initiatives to measure their distances
using Cepheids discovered by I ST (Tanvir ¢f al. 1995; Grahamn el al. 1996) respectively.
At this time, only the data for NGC 3368 (: M96) have been published and they give a



true distance modulus of 30.3240.16 mag which corresponds to a linear distance of 11.6
+ 0.8 Mpc. The close agreecment of the Cepheid distance to NGC 3368 and the TRGB
distance to NGC 3379 is encouraging, and provides some support for the compact nature of
the M96/I.eco Group and the physical association of the spiral galaxy NGC 3368 with the

dominant ecllipticals in the group,

7. The Hubble Constant

A search of the NED database reveals 15 galaxies, within a radius of 5 degrees of M96
and having published radial velocities lessthan1,200 km s-I. Their mean velocity in the
reference frame of the Local Group (corrected using Vi, = Virer + 300 sin 1 cos b) is - 715
kin S*. Within the group, those 15 galaxies have a velocity dispersion of 4178 kin s7,

giving an uncertainty on the mean redshift of 446 kms™!,

Inthe following sections, we estimate the Hubble constant via two separate routes.
First, wc give a simple estimate of fg correcting the L.eo | velocity field for Virgocentric
infall. Wc then proceed to estimate /1o basedona calibration of secondary mecthods based

on our TRGHB distance to NGC 3379.

7.1. Virgocentric Infall Model

We now proceed to evaluate the local expansion rate using the most direct (although
still overly simplified) approach in which the smooth, unperturbed expansion velocity of
NGC 3379 is determined by considering a single perturbation flow model involving only
the Virgo cluster. Using simple geometry (IMgure 4), the Virgocentric infall of the Leo |
group can be estimated by scaling the amplitude of the Local Group infall velocity into

the Virgo cluster. For instance, Mould ef al. (1 995) quote 33] d41km S1 for the Local
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Group infall velocity toward Virgo, We adopt {hat value here and take the distance to the
Virgo cluster from the Local Group to be 16.1 4 3.2 Mpc (Ierrarescet al. 1996); the large
uncertainty here is adopted to reflect the complex geometry of the Virgo cluster. By simple
trigonometry, and using linear perturbation theory with an assumption that the density
profile of the Virgo cluster varies as r-z, wc find that the infall velocity of l.eo 1 Group
towards Virgo is 7073:88 kms™!. A roughsketch of the velocity field is shown in the right
pane] of Figure 6. The radial component of L.co’sinfall along the line of sight from the
Local Group toleo 1 is then 4326 4- 37 km s~ !.In addition to this, there is of necessity
a component of the Local Group infall into Virgo projected along the line of sight to Leo.
This component is -301 437 km S-I. We note in passing that these two terms are almost
equal in magnitude but opposite in sign, therefore largely canceling each other in the fins]
determination of the pure expansion velocity of l.eo. Removing the infall components from
the observed recession velocity, the unperturbed expansion velocity of thel.eo | Group in
this mode] is then + 715 —315-1301 =-17044 70 km s~!. The Hubble constant derived
directly from the velocity field at the 11.4 Mpcdistance of the Leo | Group is 624 -6 km
s"'Mpc'. A full non-linear perturbation analysisincluding the correlated nature of the

errors suggests a more robust solution with a mecan value and error of 674 14 ki s!.

The foregoing calculations al assume that there arc no additional perturbations
to the l.ocal flow model outside of the Virgo infall, and that there arc 110 transverse
peculiar motions of either the l.co or the l.ocal Group, Moving to larger redshift-distances
would alleviate the effects of additional randoin motions which are not easily mecasured
independently. We can now proceed to estiinate the Hubble constant using the secondary

distance indicators.

7.2. Calibration of Secondary Distance Indicators
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Inthis section, wc explore how our TRGB distance to NGC 3379 can be applied to
calibrate some of the Population Il sccondary distance indicators. We are not by any means
providing the new calibrations for these methods; rather our purpose here is to demonstrate
as an exercise how the problem of the lack of solid calibrators in the Population 11 methods

could be solved,

Surface Brightness Fluct nations: This method is primarily applied to giant
elliptical galaxies. Ii basically measuresthe sccond moment of the luminosity function,
which is a calibrated function of the (V — I) color (Tonry 1991, Jacoby et al. 1992). *
Application of the SBF method to nearby clusters shows that it hasa small intrinsic
dispersion of 4 0.08 to 4:0.15 mag in the /- band (Tonry 1991). However, only one
local calibrator distance was available to Tonry (1991), the M31 bulge. Recent discovery
of Cepheid variables in M81 (Freedman ef al. 1994), has supplemented the sample of
calibrators, but again, it is the bulge of M81thatl is applied in the SBY calibration, 1{ is
uncertain at present whether asystematic difference exists between these calibrators and
the target galaxies which arc mostly giant elliptical galaxies. llere, wc attempt to calibrate
the SBI® method using our TRGHB distance to NGC 3379 and show how it can be used to

resolve this problem.

The mean fluctuation magnitude is expressed by

Mp=CH 3V == 1)gps (3)
where C is the zero point, for which Tonry (1991) derives C =  4.84 mag. The distance
modulus is then written as:

(2.2 - M)gpye=lops ~ € — 3(V - Dps + 0.80Ap, (4)

where Ag is the extinction in #3- band.

We rederive the zero point of the SBY nicthod using the TRGI distance to NGC 3379.
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We assume that the distance to M31 is 770 kpc which corresponds to the distance modulus
of 24,43 mag (Jreedman & Madore 1990). All the necessary data were taken from Table
2 in Ciardullo, Jacoby & Tonry (1993: CJT).'l ‘he zero point determined by using only
NGC 3379 is -5.26 msg. If wc usc al three galaxies - M31, M81 and NGC 3379- wc obtain
--5.65 msg. We will discuss the implications of these zero points later in this section. We

now continue with another secondary distance indicator, the planetary nebula luminosity

function.

Planetary Nebula Luminosity Function : The [OII1]A5007 luminosity function
of faint planetary nebulae follows an exponential law, but at the bright end, the function
apparently shows a sharp turnover. The absolute magnitude of this truncation point has
been shown to be insensitive to the age and metallicity of the parent stellar population
(Jacoby, Ciardullo & Ford 1990). I'bus, the! PNLI*method is technically applicable to
all morphologi cal types of galaxies. There are infact several galaxies for which both
Cepheid and PNLF distances arc available. Among the best calibrators (1. MC, M81, M31,
M101), the agreement belweenthe two distances is excellent with a very sinall dispersion
(~2%) (Jacoby 1996). As an exercise, wc show the PNLI® calibration below, which will be

compared with that of the SBY method in the next subsection.
The distance modulus determined by the PNLI" mmethod is expressed by:
(??2 -~ Af) PNLF = (m"M*) - 0.85Ap (5)

where ' and M* arc observed and absolutc turnofl inagnitude respectively. Again, we
adopt the M31 distance of 770 kpc. Ciardullo ef al. (1989) obtained m*: 20.17 mag for
the M31bulge. Substituting this value into equation (4), we get M*= - 4.52. Using only
the NGC 3379 data, we obtain M*= —4,8]. Calculations presented here applies only these

galaxies published to date, M31,M81 and NGC 3379.

Wenow discuss the implications of these newly derived zero points of PNLI and SBI®
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methods.

Comparison of SBF and PNLF Distances : CJT reviewed the results of the
two methods and analyzed the external andinternal errors. They found that the PNLI®
distances were systematically larger than the SBI® distances by 0.13 + 0.05 mag, but

concluded that this offset was fully consistent with the uncertainties in the calibration.

We have rc-calculated the SBI and PNL]® distance moduli for eleven galaxies in the
l.col group, Virgo and Fornax clusters and four non-cluster galaxies, which were taken
from ‘I'able 3 of CJT. First, we calculated the two distance moduli using the mean zero
potnt of three calibrators, M31, M81 and NGC 3379, Then the distances were determined
by using one calibrator at a time. Using the M31bulge only, we get a inean difference of
--0. ] 73:0,05 mag, which is consistent with the valuc determined by CJT. However, we find
that if wcusc NGC 3379 as a sole calibrator, the meandiflerence isreduced to +-0,034- 0.05
mag. If wc usc three calibrators (M31, M81 and NGC 3379), the mean diflerence becomes
+ 0.08 4 0.05 mag. The addition of NGC 3379 asacalibrator indeed shifts the zero point in
the direction of better consistency belween the two methods. Furtherinore, it is encouraging
that the application of NGC 3379 asasole calibrator leads to the nost consistent result
between two methods, perhaps because, of threc calibrators, this galaxy is the only giant
clliptical galaxy, thesame morphologicaltypc astargetl galaxies for whichthese distance

indicators arc applied.

D, - o Relation : This distance estimator, developed by Dressler et al. (1987),
correlates the velocity dispersion of elliptical galaxies with a photometric parameter 1),,,
which is the diameter a which the integrated surface brightness attains some defined value.
The basic idea is that for a given galaxy, D, is inversely proportional to the distance.

This works because the surface brightness isindependent of distance, (after correcting for

K- dimming and cosmological effects). Inlarge surveys of elliptical galaxies, the I, - ¢
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relation was primarily used to measure the relative distances between clusters of galaxies,
thus the lack of its zero point calibration was not so critical. There have been, however,
several attempts at calibrating this relation, including Dressler (1987) where he used
bulges of the spiral galaxies M31 and M81. Although the correlation may apply to spiral
bulges, we must recall that the bulges have large rotational velocities in addition to the
random motions measured by o.Thus the extension of 1), -- o to these objects assuines
that all spiral bulges of a given luminosity have the same ratio of rotational velocity to
velocit y dispersion. Pierce (1989) later calibrated the . — a-- ») relation using two galaxies,
NGC 3377 and NGC 3379, in the I.eo | group as calibrators, assuming the distance of 10.0
4:1.0 Mpc obtained from the PNLF method (Ciardullo, Jacoby & Ford 1989) calibrated by
Cepheids in M31 (Freedman & Madore 1990). However, as we know, the PNLF method
itsell has an uncertain zero point calibration ducio the small number of calibrators. We

therefore recalibrate the D, -- o relation using the new TRGB distance to NGC 3379.

The D, — u relation is written as:

, 7
log R, =1 .20log o -- log 1D, -1 log(1+ 42) 4+ C (©)

where IR is the distance to the target galaxy, and a is its velocity dispersion. The third
term on the right- hand side represents the cosmological correction (Lynden-Bell et al.
1988). The D, — o distance K, is related Lo the true distance K via a Malmquist correction
relation:

R = . exp[3.5(0.21)%/N) ()

where 0,21 is the dispersion in the I, - o relation (in units of in 1);,)and N is the number of
galaxies in a group. Yorthel.co | group, there arc two galaxies with 1)y, -- o0 measurements,
NGC 3377 and NGC 3379. Substitutinglog I),,=- 1.24 and loga= ‘2.303 for NGC 3379

(IFaber et al, 1989), wc obtain the zero point of C = 550. This result will be applied below

to estimate the value of 1Tubble constant.
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7.3. Determining /o at the Distance of the Coma Cluster

Omne approach which circumvents uncertainties in the Virgo velocity due to peculiar
motions, is to determine Ho at the distance of the Coma cluster, using the knowlcdge of the
relative distances between l.eo, Virgo and Coma. These distance ratios arc well determined
from various secondary- distance indicators such as the SBI,P NLF and D, —u (c.f., de
Vaucouleurs 1 993). The Coma cluster is also attractive because its peculiar velocity is
neglhgible compared to the redshift. Han & Mould (1992) report that the Coma redshift
with respect to the cosmic microwave background is 7186 km s™!while its peculiar velocity

is only 4-804-428 kins™?'.

Recently, however, it was reported that thie Coma cluster is likely to consist of two
components: the central cluster centered on NGC 4874 at ¢z =46, 853 kin s1 and another
centered on NGC 4839 atcz =+ 7, 339 km s~} (Colless & Dunn J 995). This suggests that
distances to Comna obtained by various methods could be affected by a systematic error’, if
those samples included a substantial number of galaxies in the subcluster region around
NGC 4839. Were analyzed the 1), --0 data of Faber ef al. (1 989: I'89)in order to inspect
if the subclustering aflects the measurement of Coma distance significantly. The Coma
data in1°89 is comprised of 33 elliptical galaxies, 27 of which arc located within the main
cluster defined by Colless & 1) unn. The mean distance modulus of al 33 galaxies is 34.88
mag, while that of central 27 galaxies is 34.91 mag,. Furtherinore, it is noted that 3 galaxies
inthe main cluster have /), -- o distances larger than 412,000 kin s?. If {hese galaxies
are excluded from the sample, then the remaining 24 galaxies give themean velocity of
47,195 kin S”'. Although the three supposedly ‘background’ galaxies have significantly
large distances, compared to themean, giventhat their redshifts do coincide with that of

the Coma cluster, they are probably dynamically associated withthe main cluster. We thus

adopt the main Coma cluster redshift of -1 6,853 4- 100 kin s~
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The difference in distance moduli between Coma and Virgo is p(Coma)—p(Virgo) =
3.71 4 0.10 mag (de Vaucouleurs 1993). The diflerence in those between Leo | and Coma is
estimated by examining D), — o data in 1'89. Applying equation (5), we obiain y(Coma)
—p(Leol)=- 4.7340.13 mag. This puis the Coma cluster at j= 35.024-0.37 mag. The
Hubble constant is thus 684:13 km s~ Mpc~!. We note that Tanvir et al. (1995) obtained
Hy = 6948 km s “Mpc~! using the Cepheid observations of NGC 3368 in the L.co | group.
We expect that our estimate of flo agrees very well with that of the Cepheid observations

as wec oblain the same distance to the l.co | group.

8. Unecertainties

In ‘I’able 1, wc list both the random and systematic errors inthe determination of the
TRGB distance to NGC 3379 and the determination of /o based on it. One of the largest
systematic uncertainty likely arises from uncertaintiesinthe TRGB calibration at the high
end of themetallicity range. We conservatively adopt an uncertainty of 0.1 mag, pending an
empirical calibration of this effect. Althoughthe Galactic globular cluster calibration covers
the metallicity range only up to [IFe/H}=: --0.7 dex, we note thal there is a good theoretical
and perhaps empirical reason to believe thai the TRGB magnitude should be very close
to - 4.0 mag cven for higher metallicities. A linear fit to the loci of TRGB isochrone
endpoints (sec Figure 2 of Bica, Barbuy & Ortolani 1991) purely as a function of (V — )
color suggests a slope of only §1/6(V --- I}=- -10.03 mag/mag, defined for [ire/ll] inthe
range between --1.7 and --0.3 dex. Also, this is confirmed by two of the highest metallicity
Galactic- bulge globular clusters NGC 6553 and NGC 6528, studied inf - (V - I) by
Orlolani, Bica & Barbuy (1990, 1992). A fit to thcupper envelope of RGB stars shows that
the TRGB turns on at My~ - 3.8 mag in these super- metal-rich clusters. In addition,

there is good evidence for a gradient inmetallicity in elliptic.als (Davies ¢f al. 1993, Davidge
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& Clark 1994, Thomsen & Baum1989) and in surface brightness fluctuations in NGC 3379
(Sodeman & Thomsen 1995). Sodeman & 'T'homsen find the color of (I3 --1) = 2.02 at the
radius of only ~ 485 arcsec, which corresponds to themetallicity of (Fe/H]= —0,3 dex
using the formula in Couture efal. (1 990). As indicated in Section 4, we do have good
evidence from various studies that the halo of NGC 3379 is blue enough for the application
of the Lee el al. TRGB calibration. Thus we feel that the uncertainty of 0.1 magin the
distance modulus is appropriale for this application. If, however, the metallicity of the
NGC 3379 halo indeed turns out to be much higher than the value adoptedin this paper
(for e.g. [Fe/11] ~0.0), the result would be to make the TRGB fainter. Consequently, the

distance to NGC 3379 would decrease, and the value of /in turn would be larger.

A major source of systematic uncertainty in the TRGB calibration comnes from
uncertainties in the RR Lyrac distance! scale for globular clusters, and the metallicity-
magnitude relation. The absolute calibration of the TRGBmethod is based on the calibration
of RR Lyraecsin Galactic globular clusters. l.ee, Ireedman & Madore (I 993) adopted a
calibration based on lee, Demarque & Zinn (1990), where My (I812) =- 0.17[Fe/11] -+ 0.82,
assumingY,,, = 0.23. We note that the zero point of this adopted calibration is brighter
than that of Carney, Storm & Jones (1 992), where My (RR)=_ 0.15[1'c/11] 4 1.00. Our
adopted zero- point calibration isin better agreement with that of Bolte (11 995) based on
anew calibration of the subdwarf main sequence, and withthat of Walker (1992) based
onthe calibration of LMC Cephieids. The zero points in both of these cases are c.loser to
My ~ 0.7 mag. We note that if the Carney el al. (the intrinsically fainter calibration) had
been applied to these data, the distance to NGC 3379 would be smaller ((m -- M) = 30.29

mag), thereby raising the value of 1o at Coma cluster to 74 414 ki S--1 Mpc™'.

Finally, we note that when applying the TRGB method, we are comparing the halo

population of NGC 3379 with that of Galactic globular clusters, which in general have
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integrated colors that are different from those of elliptical halos. And the color differences
oftenare interpreted as a diflerence in mean metallicity. We are not observing the red
giants of globular clusters in NGC 3379. However, our adopted calibration is based on
globular clusters with a range of metallicites. Then the application of the TRGB method
to the halo should be valid, as long as thenetallicity of the halo is not significantly outside

of the calibration range.

9. summary

This paper reports the detection of red giantsina giant elliptical galaxy and explors
how it canbe used for the calibration of the secondary distance indicators. Individual
stars identified as the Population 11 red giant branch have been detected in NGC 3379.
Iquating the abrupt discontinuity of the apparent luminosity function at I = 26.2940.14
mag with the TRGB at My=- —4.0 mag gives a distance of 114 4 1.4 Mpc to NGC 3379.
Ixtrapolating thel.eol distance to Coma using a well- determined distance ratio of two
groups from ), - o studies, wc measure foat the distance of Coma to be68 41 1 km
s1 M])c!. Leo is the most distant application of the TRGB method to date, and is fully
consistent with the Cepheid-based distance to this group as also recently determined by
ST, In Figure 5, the comparison of distances derived by Cepheid 1'1, relation and TRGB
method is shown, further demonstrating the accuracy of the THRGB method as a distant.c

indicator.

We must not, however, be overly optimistic. At very highmectallicities the calibration
of the TRGB is not yet w c]] established; but an effort to obtain amore precise calibration
is currently being undertaken by us. Color information on the NGC 3379 population]] would
be exiremely valuable in this regard. Also, eventhough we arc fortunate in the case of

NGC 3379 to have encountered a relatively small population of intermediate- age AGB
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stars, this could pose a problem in some galaxies when ineasuring the TRGB position using
the I—band luminosity function, Nonetheless this paper gives another solid example of how
powerful and promising the TRGB method can be as a distance indicator and demonstrates

its versatile applicability to various types of galaxies.
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Figure Captions

Figure 1: POSS- 1 print of the area observed by IIST.

Figure 2. Reproduction of a KPNO 4m CCD frame covering a region ** X ** arcmin
inthe I.co | Group. The WIFPC-2 footprint is shown, centered 6 arcmin cast of the giant

elliptical galaxy NGC 3379.

Figure 3: I -band luminosity function histograms of stars found in the halo of

NGC 3379.

Figure 4. Kernel-smoothed luminosity functions (top) and their corresponding
edge detection response functions (bet tom). The Sobel response function applied to the
logarithimic luminosity function was weighted by suare root of the number of stars involved

in the calculation.

Figure 5: TRGB edge detection response histogram from 500 iterations (see text for
details). All ‘signals’ for Ibrighter than 26.0 mnag arc very likely noise, making the TRGB

detection more prominent.

Figure 6:Schematics showing the geometry of Local Group, I.eco | Group and Virgo

cluster used in our simple Virgocentricinfall model of the velocity components (right panel).

Figure 7: Comparison of distances obtained by the TRGB method and Cepheid Pl

relation. The solid line is not a fit to the data but rather a unit slope, zero- offset line.
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Table 1

Frror Budget

Source

Random Errors:
Galactic extinction
Tip Measurement
Lco-Coma Distance Ratio (1), — o)
Velocity of Coma (100 km s™1)

Total Random Uncertainty

Systematic Errors:
RR Lyrae Distance Scale Zero Point
TRGB Metallicity Calibration
Photometric zero point (WKPC ‘2)

Total Systematic Uncertainty

Firror (imnag)

40.02
+0.05
4-0.13
+0.02
40.14

4-0.20
4-0.10
4-0.04
4-0.23
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